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OF THE SOLITARY TRACT ACROSS DEVELOPMENT AND INCREASES
IN AN AGE-DEPENDENT MANNER FOLLOWING DENERVATION
ANDREW J. RIQUIER AND SUZANNE I. SOLLARS *
Department of Psychology, University of Nebraska at
Omaha, Omaha, NE 68182, USA
Abstract—Microglia are critical for developmental pruning
and immune response to injury, and are implicated in facili-
tating neural plasticity. The rodent gustatory system is
highly plastic, particularly during development, and out-
comes following nerve injury are more severe in developing
animals. The mechanisms underlying developmental plas-
ticity in the taste system are largely unknown, making
microglia an attractive candidate. To better elucidate micro-
glia’s role in the taste system, we examined these cells in
the rostral nucleus of the solitary tract (rNTS) during normal
development and following transection of the chorda tym-
pani taste nerve (CTX). Rats aged 5, 10, 25, or 50 days
received unilateral CTX or no surgery and were sacrificed
four days later. Brain tissue was stained for Iba1 or CD68,
and both the density and morphology of microglia were
assessed on the intact and transected sides of the rNTS.
We found that the intact rNTS of neonatal rats (9–14 days)
shows a high density of microglia, most of which appear
reactive. By 29 days of age, microglia density significantly
decreased to levels not significantly different from adults
and microglia morphology had matured, with most cells
appearing ramified. CD68-negative microglia density
increased following CTX and was most pronounced for juve-
nile and adult rats. Our results show that microglia density
is highest during times of normal gustatory afferent pruning.
Furthermore, the quantity of the microglia response is
higher in the mature system than in neonates. These find-
ings link increased microglia presence with instances of
normal developmental and injury induced alterations in the
rNTS.  2017 The Author(s). Published by Elsevier Ltd on
behalf of IBRO. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Key words: microglia, chorda tympani transection, gustatory
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INTRODUCTION
Neuroplasticity is noted in a variety of sensory systems
(e.g., vision: Hubel and Wiesel, 1970; Hoffmann and
Dumoulin, 2015; audition: Leake et al., 1999; Zhang
et al., 2002; somatosensation: Jacquin et al., 1993;
Omelian et al., 2016; gustation: Sollars et al., 2006).
Lesion models indicate that effects of neural injury can dif-
fer greatly depending upon the age at which the damage
occurs (Towfighi et al., 1997; Howard et al., 2005; Sollars,
2005; Yager et al., 2006; Takahashi et al., 2009; Omelian
et al., 2016). Several mechanisms underlying develop-
mental differences in neuroplasticity have been sug-
gested, such as neurotrophic factors (Monfils et al.,
2006), differences in glucose metabolism (Pulsinelli
et al., 1982; Voorhies et al., 1986), NMDA neurotoxicity
(Sheng et al., 1994; Mitani et al., 1998; Manning et al.,
2008), myelination (Reeves et al., 2005), and chondroitin
sulfate proteoglycan levels (Milev et al., 1998; Matsui
et al., 2005). Developmental variations in the immune
response may also play a role (Graeber et al., 1998;
Melzer et al., 2001; Bartel, 2012).
Microglia
Microglia are central nervous system (CNS) immune cells
derived from the early embryonic yolk sac that migrate
into the brain prior to the closing of the blood–brain
barrier (Ginhoux et al., 2010). Microglia respond to dam-
age and pathogens, perform regular maintenance of
CNS homeostasis, and play a crucial role in both synaptic
and functional neuroplasticity both during development
and following injury. Microglia pruning is activity and com-
plement pathway dependent (Stevens et al., 2007;
Schafer et al., 2012), and results in both the removal of
excess synapses during development (Paolicelli et al.,
2011) and neuron death due to loss of input following
injury (Graeber et al., 1998). In the developing rodent
brain, microglia are known to vastly increase in number
early in life, peaking approximately 2 weeks after birth
(Alliot et al., 1999) and decreasing starting in the third
postnatal week (Nikodemova et al., 2015). In the adult
mammalian brain, microglia typically exhibit small cell
bodies and long, thin, ramified branches (Wake et al.,
2009; Bartel, 2012). These ramified microglia express a
multitude of receptors for various substances such as
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cytokines, neurotransmitters, and hormones, as well as
factors present during trauma and inflammation (reviewed
in Hanisch and Kettenmann, 2007; Kettenmann et al.,
2011). Following immune challenge, ramified microglia
can be induced to change into activated microglia, which
vary in appearance from bushy to ameba-like to rod-like,
but typically have larger cell bodies, thicker processes
and fewer branches than when ramified (reviewed in
Kettenmann et al., 2011). Activated microglia perform
many functions including phagocytosis and secretion of
cytotoxins and cytokines (Delgado et al., 1998; Webster
et al., 2000). Microglia have been shown to increase in
number at the central terminals following peripheral nerve
injury (Graeber et al., 1998; Bartel, 2012). The outcome of
the microglia response to injury can vary based on timing
relative to the injury (Rice et al., 2015) or developmental
stage (Graeber et al., 1998; Melzer et al., 2001).
Gustatory system plasticity
Peripheral and central morphology of the rodent gustatory
system is highly malleable, rendering the system an
excellent model for studying developmentally dependent
neural changes and injury-induced structural plasticity
(Sollars et al., 2002; Sollars, 2005; Sollars et al., 2006;
Mangold and Hill, 2008). Continual peripheral synaptic
plasticity is notable given the taste receptor cell turnover
rate of approximately 10–14 days across all ages
(Hendricks et al., 2004; Perea-Martinez et al., 2013).
The volume of central terminal gustatory fields in the
nucleus of the solitary tract (NTS) exhibit extensive prun-
ing throughout postnatal development (Sollars et al.,
2006; Mangold and Hill, 2008). One of the most exten-
sively studied of the gustatory nerves, the chorda tympani
(CT), is a branch of the facial nerve that transmits taste
information from fungiform and foliate taste buds on the
tongue to the NTS. The CT terminal field is located pri-
marily in the rostral-most one-third of the NTS (rNTS;
May and Hill, 2006; Corson and Hill, 2011). CT terminal
field volume is enlarged at postnatal day 15 (P15) and
P25, and decreases in volume until adulthood (Sollars
et al., 2006; Mangold and Hill, 2008).
Both central and peripheral gustatory anatomy is
modified by transection of gustatory nerves or dietary
manipulation (St. John et al., 1995; Krimm and Hill,
1997; Sollars et al., 2002; Sollars, 2005; Sollars et al.,
2006; Mangold and Hill, 2007). Developmental differ-
ences in fungiform taste bud and papillae recovery are
markedly pronounced following CT transection (CTX). In
adult (>P40) rats, CTX results in transient peripheral
and behavioral alterations (Spector and Grill, 1992; St.
John et al., 1995; St. John et al., 1997) that are recovered
following CT regeneration approximately 40 days post-
surgery (St. John et al., 1995; Kopka et al., 2000). Follow-
ing neonatal CTX (10 days of age) the CT does not
regenerate, and peripheral alterations are more severe
and permanent (Sollars et al., 2002; Sollars, 2005).
Microglia are implicated in activity-dependent pruning
of synapses during normal development (Paolicelli et al.,
2011; Schafer et al., 2012), thus it seems likely they are
involved in the postnatal pruning of the CT terminal field
(Sollars et al., 2006; Mangold and Hill, 2008). In the
current study, the number of microglia were counted
and classified by morphology (reactive or ramified) in
the rNTS across development (9, 14, 30, or 55 days of
age). This was done to determine if the time course of
microglia presence in the developing rat rNTS is similar
to that observed in other brain areas (Alliot et al., 1999;
Nikodemova et al., 2015), and to determine whether
microglia density differences correspond to known peri-
ods of CT terminal field pruning (Sollars et al., 2006;
Mangold and Hill, 2008). Microglia have been shown to
increase in number and assume a reactive morphology
following adult CTX in mice (Bartel, 2012) but whether this
response differs based on surgical age or species is
unknown. Examination of microglia following CTX in a
context where peripheral anatomical recovery is known
to occur (adulthood) and in which recovery is absent
(neonatal period) may implicate microglia as a mecha-
nism influencing CTX-induced structural plasticity. To this
end, we performed unilateral CTX on rats aged 5, 10, 25,
or 50 days, quantified microglia in the rNTS, and classi-
fied them as morphologically reactive or ramified.
EXPERIMENTAL PROCEDURES
Animals
Thirty-eight female and male (19F/19M) Sprague–Dawley
rats born at the University of Nebraska at Omaha vivarium
were utilized. Day of birth was designated as postnatal
day 0 (P0). To maintain developmental consistency,
litters contained at least 6 pups and were culled to a
maximum of 12. Rats were weaned at P25, maintained
on Teklad chow ad libitum in clear Plexiglas tubs with
corncob bedding, and housed in conventional facilities
within a temperature controlled, 12-h light/dark cycle
room. Each experimental group contained both sexes
and animals from at least two different litters. This study
was approved by and followed the standards of the
University of Nebraska Institutional Animal Care and
Use Committee.
Microglia response to chorda tympani transection
(CTX)
Twenty-six rats received unilateral (right) CTX at either 5
(Iba1, n= 4), 10 (Iba1, n= 4; CD68, n= 5) 25 (Iba1,
n= 4) or 50 (Iba1, n= 4; CD68, n= 5) days of age,
corresponding to previously examined developmental
time points (Sollars, 2005). Unilateral CTX was performed
as described previously (Sollars et al., 2002; Sollars,
2005; Martin and Sollars, 2015). Briefly, anesthetized
(Brevital Sodium; 60 mg/kg i.p.) rats received a small
incision in the ventral portion of the neck and the right
CT was exposed and sectioned. The left CT remained
intact to serve as an internal control. Sham animals
underwent identical procedures but both the left and right
CT remained intact. Animals were maintained on a heat-
ing pad and monitored until recovery, which typically took
less than 30 min. Animals were allowed to survive for
4 days following surgery, based on previous research
showing that microglia numbers following peripheral injury
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peak at approximately this time (Graeber et al., 1998;
Bartel, 2012).
Developmental Progression of microglia in the rNTS
Microglia do not change in number on the contralateral
side of the NTS following adult mouse CTX (Bartel,
2012), but this information is not known for rats at various
stages of development. Unilateral CTX has been shown
to induce alterations on the side contralateral to the injury
in regard to taste bud volume (Guagliardo and Hill, 2007;
Li et al., 2015), as well as in electrophysiological nerve
activity (Wall and McCluskey, 2008; Martin and Sollars,
2015). To ensure the effect of surgery on microglia num-
ber was contained to the rNTS ipsilateral to the CTX, two
animals from each age condition were sacrificed at either
9, 14, 29, or 54 days of age and processed as age-
matched, non-surgical controls. Non-surgical animals
were also used to assess microglia numbers in the intact
rat rNTS across development.
Perfusion and tissue extraction
Rats were overdosed with a mixture of a ketamine/
xylazine (i.p.) and transcardially perfused with a
modified Krebs solution (pH 7.3) followed by 4%
paraformaldehyde. Brains were extracted and post-fixed
in 4% paraformaldehyde for 1 h at room temperature
and the brainstem was dissected from the cortex.
Brainstems were immersed in 30% sucrose (24 h) for
cryoprotection, placed in embedding medium, flash
frozen, and stored at 80 C until processing, similar to
previous work (Watson et al., 1986; Breza and Travers,
2016). Prior to processing, brainstems were thawed over-
night at 4 C, then for 20 min at room temperature. Tissue
was further post-fixed for 24 h in room temperature 4%
paraformaldehyde, then horizontally sectioned at 40 mm
on a vibrating microtome. Horizontal sections were used
to facilitate comparisons to studies that have examined
the CT terminal field following CTX (Sollars et al., 2006;
Reddaway et al., 2012).
Immunohistochemistry
Primary antibodies. Iba1 An antibody against ionized
calcium-binding adapter molecule 1 (Iba1) was used for
microglia visualization. Iba1 is a protein expressed by
microglia (Imai et al., 1996), and is used for microglia
identification (Bartel, 2012; Bartel and Finger, 2013). All
rinse cycles were three 10-min washes in 0.01 M
phosphate-buffered saline (PBS; pH 7.4). All solutions
used this concentration of PBS as a diluent. After an initial
rinse cycle, free-floating sections were incubated in 0.3%
H2O2 in methanol for 30 min. Following rinses, sections
were immersed in a blocking solution consisting of 2%
normal goat serum, 1% bovine serum albumin and 0.3%
Triton X-100 in PBS for 1 h at room temperature. Sections
were incubated in rabbit polyclonal anti-Iba1 (Wako, Rich-
mond, VA; 1:10,000 diluted in blocking solution) for 60 h
at 4 C.
CD68 An antibody against Cluster of Differentiation 68
(CD68) is expressed by macrophages/monocytes (Suzuki
et al., 2014) and has been used to identify phagocytic
microglia (Zabel et al., 2016). Following two five-minute
rinses in 0.01 M tris-buffered saline (TBS; pH 7.6) con-
taining 0.025% Triton X-100, sections were immersed in
a blocking solution of 10% normal goat serum and 1%
bovine serum albumin in 0.01 M TBS for two hours at
room temperature. Tissue was incubated in rabbit poly-
clonal anti-CD68 (Abcam, Cambridge, MA; 1:500 diluted
in 1% bovine serum albumin in 0.01 M TBS) overnight
at 4 C. Following a rinse cycle, sections were placed in
0.3% H2O2 in methanol for 30 min.
Secondary antibody. All tissue was rinsed, then
incubated with biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA; 1:1000) diluted in 2%
normal goat serum and 0.3% Triton X-100 for 2 h at
room temperature. After rinsing, tissue was placed in an
avidin–biotin complex (Vector Laboratories, Burlingame,
CA) solution containing 0.1% Triton for 1 h. Following a
subsequent rinse, sections were incubated in a
peroxidase solution (0.01% H2O2, 0.05%
diaminobenzidine and 0.125% nickel ammonium
sulfate). Sections were rinsed in dH2O, mounted on gel-
coated slides, and air dried.
Controls. For each brain processed for Iba1, the two
ventral-most sections were treated as stated above with
the exception of excluding either the primary or
secondary antibody. No stain was evident on Iba1
negative control sections (Fig. 1A–C). Spleen tissue
was used as control tissue for CD68 staining due to the
high baseline numbers of CD68+ macrophages present
(Olsson et al., 2011; company data sheet; Fig. 1D–F.).
To minimize any potential effect of chromogen variability,
each IHC run processed 2–4 brains simultaneously.
NTS identification and analysis by Dorsal–Ventral
zones
To ensure consistency in identification of morphological
landmarks, following processing and mounting, selected
sections were stained using the myelin stain hydrogen
tetrachloroaurate (III) trihydrate (Sigma–Aldrich, St.
Louis, MO, USA Schmued, 1990; Corson and Hill,
2011). Following dH2O rinsing, slides were immersed in
0.2% hydrogen tetrachloroaurate (III) trihydrate dissolved
in 0.02 M PBS (pH 7.4) for 4 h. Slides were rinsed, placed
in 2.5% sodium thiosulfate for 5 min, then immersed for
30 min in running dH2O. After drying, tissue was
immersed in xylenes for 5 min and coverslipped with
DPX mounting medium.
Data were collected using a brightfield microscope
and Neurolucida software (MBF Bioscience) by a single,
trained, researcher blind to conditions. A grid of 250 mm
X 250 mm squares was used to determine and trace the
rNTS, defined as the rostral-most one-third of the entire
length of the NTS (Corson and Hill, 2011). The rNTS
was subdivided into contiguous dorsal, intermediate,
and ventral zones (Fig. 2) each consisting of 4 sections,
similar to previous research (May and Hill, 2006; Sollars
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et al., 2006; Corson and Hill, 2011). The most prominent
landmarks are contained within the intermediate zone.
Thus, the first area identified in each brain was the inter-
mediate zone, which is characterized by the visually dis-
tinct solitary tract passing in a rostral-to-caudal extent
through the medial NTS. The facial nucleus in these sec-
tions was large and distinct. The dorsal zone was defined
as the sections starting 40 mm through 160 mm dorsal to
the intermediate zone. This area contained sections
where the fourth ventricle was at its largest medial–lateral
extent. The facial nucleus was visible, though smaller
than in the intermediate zone sections, and the solitary
tract was limited to the lateral side of the NTS. The ventral
zone was defined as the sections starting 40 mm through
160 mm ventral to the intermediate zone. Relative to the
intermediate zone, the fourth ventricle was smaller or
not present and contained sections in which the NTS
extended more rostrally than in the other zones.
Microglia quantification and classification
Cells were visualized using a 20 (X 1.6) objective lens
and were counted only if the cell body was entirely
within the traced rNTS, similarly to the ‘‘counting box”
method (Williams and Rakic, 1988). Analyses were con-
ducted on every other section (2 sections per zone, 6 sec-
tions per animal) to decrease the possibility of double
counting cells. Counts were performed by placing overlay
markers in Neurolucida on the soma of each microglia,
then analyzing marker counts using Neuroexplorer
(MBF Bioscience). Microglia function can be broadly
determined by appearance, with enlarged somas sugges-
tive of microglia responsiveness (Avignone et al., 2015;
Kato et al., 2016). In order to more accurately assess their
role, all quantified Iba1+ microglia were classified as
either ramified (soma diameter  8 mm, M= 7.61 mm
± 0.02) or reactive (soma diameter > 8 mm,
M= 13.11 mm± 1.03; Fig. 3). These values were deter-
mined by averaging the diameter of a random, represen-
tative sample of cells morphologically consistent with
these classifications from previous research (Glenn
et al., 1992; Bartel, 2012).
Data analysis
For each experimental animal, microglia numbers were
summed to obtain a single value per rNTS side. The
volume of each rNTS side was calculated by multiplying
the total area by the section thickness (40 mm). To
account for differences in NTS size across development,
the density of microglia in the rNTS
(microglia/200,000 mm3) was calculated by dividing total
microglia numbers by the total volume of the rNTS in
cubic mm for each animal, and multiplying that value by
200,000. Densities represent standardized microglia
quantities independent of total NTS volume, allowing for
comparisons across age conditions. Density values
were used for all statistical analyses except for
morphology. The percent of reactive microglia was
calculated using the total number of reactive microglia
divided by the total number of microglia. One-way
ANOVAs were conducted to determine if microglia
density or the percent of reactive microglia in the intact
Fig. 1. Immunohistochemical Controls. Images from the same adult rat brainstem of Iba1 control sections with (A) no primary antibody and (B) no
secondary antibody. (C) Both primary and secondary antibody were included. CD68 control spleen tissue with (D) no primary antibody (E) no
secondary antibody and (F) both primary and secondary antibodies. The light source was darkened equally on all images to facilitate visualization of
the tissue.
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rNTS differed by age. Tukey post hoc tests were
performed to compare specific ages.
A mixed-model ANOVA was conducted to determine
the effects of surgical age, surgical side, and sex on
microglia density in the rNTS. If the main effects were
significant, paired-samples t-tests were used to assess
intact versus transected sides for each age group. This
analysis was repeated for dorsal, intermediate, and
ventral zones. The percent increase in microglia density
following CTX was calculated for each animal using the
following formula: [{(transected side density/intact side
density) * 100}  100]. The mean percent increase of
each age group was compared using a One-way
ANOVA with Tukey post hoc tests. The percent of
reactive microglia were tested for main effects of age
and surgical side using an ANOVA. If the main effect of
surgical side was significant, paired-samples t-tests
were performed to compare transected and intact sides
within each age group. All statistical tests were
conducted in SPSS (version 23, IBM) using an alpha
level of 0.05. P values for post hoc paired samples t-
tests were corrected for false discovery rates (Benjamini
and Hochberg, 1995).
Cell count correction
The Abercrombie correction is used to account for
overestimating counted cells (Abercrombie, 1946) using
the equation
Corrected Counts = Raw Counts * (section thickness/
[section thickness + cell height])
We randomly selected approximately 5% of the total
number of microglia of reactive and ramified
morphologies for each age and carefully measured
soma diameter using Neurolucida. A correction utilizing
the overall mean microglia diameter was performed for
combined density analyses. Separate correction factors
for each morphological classification were used for
morphology analyses.
RESULTS
Developmental Progression of microglia in the rNTS
Microglia density. Microglia density and the
percentage of reactive microglia were not significantly
different between non-surgical rats, sham rats, and the
intact rNTS of surgical animals for any age (all
Ps > 0.10), consistent with previous work (Bartel,
2012). Therefore, data from non-surgical, sham, and the
intact rNTS of surgical animals were pooled for analyses
of normal development. Microglia density is greatest in
the neonatal rNTS and decreases with age. There was
a significant main effect of age on microglia density (F
(3, 24) = 16.109, P< 0.001). Post-hoc tests revealed
that P9 and P14 animals had a significantly greater den-
sity of microglia than P29 (Ps < 0.05) and P54
(Ps < 0.01) rats (Fig. 4A). The density of microglia was
not significantly different when comparing animals aged
P9 and P14 (P> 0.10) or when comparing P29 to P54
rats (P> 0.10). These results suggest that microglia den-
sity decreases across postnatal development, particularly
between P14 and P29, at which point microglia density is
not significantly different from adult (P54) levels.
Microglia morphology. The percent of microglia
exhibiting a reactive morphology in the rNTS decreases
with age. There was a significant main effect of age on
the percent of reactive microglia in the rNTS (F(3, 24)
= 8.287, P< 0.01; Figs. 4B and 5). P9 and P14
animals had 70% and 72% reactive microglia, and were
not significantly different from each other (P> 0.10),
indicating that the majority of microglia in the neonatal
rNTS are reactive. P9 and P14 animals had a
significantly larger percent of reactive microglia than
Fig. 2. (A) Schematic (not to scale) of the approximate location of the
NTS in the rat. Gray lines indicate approximate subdivisions of the
dorsal, intermediate, and ventral zones. Representative myelin
stained sections of the (B) dorsal (C) intermediate and (D) ventral
zones of the NTS. The approximate location of the NTS is outlined in
white. Arrows point to the solitary tract. VII: Facial Nucleus; 4 V:
Fourth Ventricle; R: Rostral; L: Lateral; V: Ventral.
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P29 and P54 rats (Ps < 0.01). The percent of reactive
microglia in P29 and P54 animals were 23% and 25%,
values that are not significantly different (P> 0.10).
This finding suggests that the gustatory NTS of juvenile
and adult rats primarily contains ramified microglia,
demonstrating that over the course of development
microglia morphology shifts from a predominantly
reactive to ramified state. The decrease in microglia
density that occurs by P29 is therefore accompanied by
a shift in microglia morphology.
Microglia response to chorda
tympani transection (CTX)
Overall microglia den-
sity. Microglia density is elevated in
the transected-side rNTS relative to
the intact-side rNTS four days after
CTX (Fig. 6A). There was a
significant main effect of surgery on
microglia density (F(1, 8) = 131.46,
P< 0.001). The density of Iba1+
microglia was significantly higher on
the transected side of the rNTS
compared to the intact side for each
surgical age: P5 (t(3) = 4.79,
P= 0.017); P10 (t(3) = 4.60,
P= 0.019); P25 (t(3) = 5.97,
P= 0.009); and P50 (t(3) = 10.92,
P= 0.002). These findings indicate that regardless of
age, microglia density increases following CT axotomy.
There was no significant main effect of sex (F(1, 8)
= 0.49, P> 0.10) and no interactions with sex as a
variable were significant (Ps > 0.10) suggesting that
microglia responses to CTX are not different between
males and females.
Although there was no main effect of surgical age on
microglia density (F(3, 8) = 2.43, P> 0.10), the
interaction between surgical age and surgery was
significant (F(3, 8) = 5.13, P< 0.05). This finding
suggests that the effect of surgery differs based on the
animal’s stage in development. The percent to which
microglia density increased following CTX differed
based on surgical age (F(3, 15) = 8.54, P< 0.01;
Figs. 6B, 7). Animals that received CTX at 5 or 10 days
of age displayed a significantly smaller microglia density
increase compared to those that received CTX at
25 days of age (Ps < 0.05) or 50 (Ps < 0.05). The
percentage of microglia density increase following P5
CTX was not significantly different from that of P10 CTX
rats (P> 0.10). Similarly, rats transected at P25 and
P50 had increases in microglia densities that were not
significantly different from each other (Ps > 0.10).
These results demonstrate that while microglia density
increased four days after CTX in all ages tested, the
magnitude of change was smaller in neonatal animals.
Microglia morphology and function. Microglia assume
a reactive morphology following CTX. There was a
significant main effect of surgical side (F(1, 24) = 31.48,
P< . 001) as well as age (F(3, 24) = 3.091, P< 0.05)
on the percent of microglia that displayed a reactive
appearance. The interaction between surgical side and
age trended toward significance (F(3, 24) = 2.71,
P= 0.068), indicating that the impact of surgery on the
percent of reactive microglia was not dependent on
surgical age (Fig. 6C). The percent of reactive microglia
did not differ based on side for P5 or P10 rats
(P> 0.10). The majority of microglia in the rNTS of
neonatal animals were classified as reactive, regardless
of side (Fig. 7). The percent of microglia that were
reactive was significantly higher on the transected side
Fig. 3. (A) Microglia in the adult brain are typically ramified, with small cell bodies and long,
branching processes. (B) Following nerve transection, microglia transition into a reactive
morphology. Reactive microglia have larger cell bodies and shorter processes.
Fig. 4. (A) Average microglia density (±SEM) and (B) the percent of
reactive microglia (±SEM) in the intact rNTS across development.
The percent of reactive microglia was calculated based on total
microglia counts. Data were obtained from non-surgical animals,
sham animals, and the intact rNTS of CTX rats. *p< 0.05;
**p< 0.01.
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relative to controls for P25 (t(3)
= 5.276, P= 0.016) and P50 (t(3)
= 9.51, P= 0.002) animals. This
finding demonstrates that the
increase in microglia density
observed on the transected side is
accompanied by a shift in
morphology from primarily ramified
to mostly reactive microglia. The
percent of reactive microglia on the
transected side was not significantly
different between P25 and P50 rats
(P> 0.10), indicating that the
morphological change induced by
CTX reaches a mature state by P25.
No CD68+ cells were detected in
the rNTS of rats undergoing CTX at
either 10 or 50 days of age (Fig. 8).
CD68+ cells were present in spleen
control tissue (Fig. 1) as well as in
several locations throughout the
neonatal brainstem (Fig. 8). The lack
of CD68+ cells in the rNTS
indicates that no phagocytic cells,
including microglia, are present four
days following CTX.
Microglia density by NTS zone.
Although all surgical ages exhibited
an increase in microglia density
following CTX, the rNTS zones in
which this increase occurred varied
by age (Fig. 9). CTX increased
microglia density throughout the
rNTS in juvenile and adult rats,
however the effects of surgery were
mostly limited to the ventral zone in
neonates.
Neonates. An increase in
microglia density occurred in the
dorsal (t(3) = 4.81, P= 0.017) and
ventral (t(3) = 3.60, P= 0.037)
zones of P5 animals, with a trend
toward significantly elevated
microglia density in the intermediate
zone (t(3) = 2.77, P= 0.07). The
increase in microglia density on the
transected side was limited to the
Fig. 5. Representative images of microglia in the intact rat rNTS at P9 (A), P14 (B), P29 (C), and P54 (D).
Fig. 6. Developmental comparison of the increase and morphological change in the rostral
nucleus of the solitary (rNTS) following transection of the chorda tympani nerve. (A) Average total
microglia density (±SEM), (B) the percent increase in microglia density (±SEM) between the
intact and transected rNTS, and (C) the percent of microglia with a reactive morphology (±SEM).
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ventral zone of P10 animals (t(3) = 6.82, P= 0.006),
with a trend toward increased microglia density in the
dorsal zone (t(3) = 2.73, P= 0.07) and no difference
between sides in the intermediate zone (t(3) = 2.29,
P> 0.10).
Juveniles and Adults. In contrast to the neonatal
conditions, microglia density increased in all zones of
P25 and P50 animals. In P25 rats, microglia density
was elevated in the dorsal (t(3)
= 4.426, P= 0.021), intermediate (t
(3) = 5.72, P= 0.011), and ventral
(t(3) = 4.50, P= 0.021) zones. P50
animals also exhibited an increase in
microglia density in the dorsal (t(3)
= 5.00, P= 0.015), intermediate (t
(3) = 8.91, P= 0.003), and ventral
(t(3) = 8.44, P= 0.003) zones.
DISCUSSION
Our results show that microglia
density in the rNTS of rats is higher
in early postnatal ages (P9 and P14)
than in juvenile (P29) and adult
(P54) ages. The lower density noted
at P29 remains consistent as the
rats mature into adulthood. Microglia
in the neonatal rNTS consists
predominantly of reactive microglia,
which mature by P29 into the
ramified morphology typical of the
adult brain. Following CTX, microglia
density in the rNTS increases
significantly on the side ipsilateral to
the surgery, independent of whether
CTX occurred in early postnatal or
later ages. The ipsilateral rNTS in
rats receiving surgery at either P25
or P50 not only shows an increase
in microglia, but also the majority of
those cells develop a reactive
morphology. The morphological
profile of microglia in P5 and P10
rats does not change as a result of
the surgery. Microglia density
increases to a greater degree on the
CTX side at P25 and P50 than at P5
and P10. This finding may partially
be explained by the normally
elevated microglia density in
neonatal rats relative to juvenile and
adult conspecifics.
Microglia in the developing rNTS:
Potential Insights regarding
terminal field pruning
We found that microglia density in the
rat rNTS decreased from P14 to P29.
Consistent with this finding, microglia
numbers in the entire mouse brain
peak two weeks after birth with a
subsequent 50% reduction from P14
to P42 due to a combination of apoptosis and reduced
proliferation (Alliot et al., 1999; Nikodemova et al.,
2015). We found a similar decrease between P14 and
P54, with a 50% reduction in microglia density. This
developmental decrease in microglia density appears to
take place gradually, because only a 35% decrease from
neonatal density levels occurred between P14 and P29.
Fig. 7. Microglia density and morphology in the intact and transected rostral nucleus of the solitary
tract. Iba1 + microglia phenotype in the intact (A, C, E, & G) and transected (B, D, F, & H) rNTS
four days after CTX occurring at P5 (A & B,) P10 (C & D), P25 (E & F), or P50 (G & H). Each
surgical age represents the right and left rNTS of the same animal. Scale bar is 50 lm.
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Our findings indicate that the percent
of microglia exhibiting a reactive mor-
phology in the intact rNTS decreases
dramatically between P14 and P29,
from 72% to 23%. The stark change
in microglia morphology across devel-
opment is consistent with what has
been observed in several other brain
regions (Schwarz et al., 2012).
Reactive and activated microglia
found in other neonatal brain regions
are thought to be linked to synaptic
remodeling (Dalmau et al., 1998;
Fiske and Brunjes, 2000). Onset and
progression of the largest period of
CT terminal field pruning occurs prior
to and around the time of weaning
(P15/P25; Mangold and Hill, 2008)
which corresponds to the highest
densities of microglia we observed.
Microglia have been implicated in
postnatal synaptic pruning (Paolicelli
et al., 2011; Schafer et al., 2012),
and neonatal microglia express
mRNA for factors associated with
inflammation, apoptosis, and pruning,
which are downregulated at adult-
hood (Crain et al., 2013). It is there-
fore possible that microglia are
involved in developmental pruning of
the CT terminal field.
Microglia response to CTX across
development
The current study demonstrates that
while microglia increase in density
four days after CTX in all ages
examined, the degree and
distribution of the increase varies
developmentally. CTX elicits a
greater relative increase in microglia
density in adults than in neonates.
This may be attributed to a higher
baseline microglia density in the
Fig. 8. There were no CD68+ cells present in the rostral nucleus of the solitary tract (rNTS) four days after CTX performed at (A) 10 or (B) 50 days
of age. (C) shows CD68+ cells not in the rNTS, but elsewhere in the neonatal brainstem.
Fig. 9. The microglia response in the rNTS to CTX at different ages, analyzed by zone. Average
microglia density in the (A) dorsal, (B) intermediate, and (C) ventral zone of the intact and
transected rNTS. *p< 0.05; **p< 0.01.
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intact rNTS of neonates relative to juvenile and adult
conspecifics. Although microglia density increased in all
rNTS zones following juvenile and adult CTX, the
density increase after neonatal CTX was limited to the
dorsal and ventral zones (P5) or ventral zone alone
(P10), though there was a trend toward a significant
increase in the intermediate zone at P5 and the dorsal
zone at P10. Taken together, these data may be
reflective of an immature immune response to neonatal
CTX. The time course of the microglia response to
neonatal CTX is not yet established, which allows the
possibility that the lack of a significant microglia density
increase across all rNTS zones could be explained by
differential timing in the response to injury.
Developmental variations in microglia number following
peripheral nerve injury are consistent with previous
research (Graeber et al., 1998; Melzer et al., 2001).
Injury during development can increase microglial
expression of the phagocytic marker CD68 in other
brain regions accompanying neurodegeneration
(Goranova et al., 2015). Microglial CD68 upregulation is
also observed accompanying neuronal loss following
neonatal facial nerve axotomy (Graeber et al., 1998).
When the facial nerve is severed in adult rats, there is
an increase in CD68-negative microglia, and neurons
are preserved (Graeber et al., 1998). The CTX paradigm
exhibits similar developmentally dependent denervation,
with neonates exhibiting profound, permanent loss of
fungiform taste buds and adults recovering completely
after several weeks (St. John et al., 1995; Kopka et al.,
2000; Sollars et al., 2002; Sollars, 2005). Surprisingly,
no CD68+ cells were detected in the rNTS of surgical
animals, independent of surgical age. There are several
possible explanations for this finding. The developmen-
tally differential microglial CD68 expression observed fol-
lowing facial nerve axotomy occurred in the facial motor
nucleus, adjacent to the associated somas (Graeber
et al., 1998). In contrast, the current study examined the
transganglionic microglia response. It is possible that
CD68+ cells (non-microglia) may be expressed 4-days
post CTX near the CT cell bodies in the geniculate gan-
glion, which may accompany cell death.
Graeber et al. (1998) observed CD68 expression con-
currently with soma loss. Following adult CTX in ham-
sters, degeneration of CT fibers in the rNTS occurs as
early as 2-days post-surgery, but peaks 11 days-post
(Whitehead et al., 1995). Therefore, it is possible that
microglia upregulate CD68 at later timepoint than was
currently examined. This is supported by the observed
microglia morphology more closely resembling a reactive,
transitionary morphology, as opposed to the more ame-
boid morphology of fully activated, phagocytic, microglia.
Future research is needed to determine if the expression
of CD68 in the rNTS following CTX may be delayed. Dif-
fering quantities and functions of microglia responding to
adult versus neonatal CTX may offer insight regarding dif-
fering degrees of peripheral morphological and behavioral
recovery observed (Spector and Grill, 1992; St. John
et al., 1995; St. John et al., 1997; Kopka et al., 2000;
Sollars et al., 2002; Sollars, 2005).
Microglia response to adult CTX
CTX in adult rats resulted in microglia assuming a
reactive morphology and an increase in microglia
density four days after surgery. This increase was
observed across all three zones (dorsal, intermediate
and ventral) of the rNTS. Local proliferation is the
primary source of the microglia increase following CTX
in adult mice, which is supplemented by limited
migration (Bartel, 2012). When CTX is performed in adult
mice, microglia numbers increase to about 200% of base-
line levels three days post-surgery and 250% of initial val-
ues five days after denervation in the rostral–central NTS
(Bartel, 2012; Bartel and Finger, 2013). We found a
somewhat smaller increase of approximately 190% base-
line levels in the rNTS four days after CTX. This difference
may be attributed to the area of NTS examined: the rostral
1/3rd in the present study verses the rostral–central sub-
nucleus. While the rNTS includes areas where CT termi-
nations vary in density, the rostral–central subnucleus
contains the densest concentration of CT fibers. The
microglia increase juxtaposed alongside CT fibers would
therefore be most concentrated in a smaller area which
may explain the difference in the microglia increase
between the two studies. Additionally, baseline density
of microglia appears to be higher in adult mice compared
with rats (approximately 1.8 in mice (Bartel, 2012; Bartel
and Finger, 2013) versus 1 in adult rats per
200,000 lm3 in the present study), indicating species
differences.
In adult rodents, microglia can be protective during
chronic injury (Rice et al., 2015) and have been linked
to regeneration (Shokouhi et al., 2010). This may explain
why the robust microglia response to adult CTX across all
rNTS zones, such as noted here, is accompanied by a
preservation of the CT terminal fields despite temporary
loss of afferent input (Reddaway et al., 2012). Microglia
have been associated with peripheral nerve regeneration
in other systems (DeFrancesco-Lisowitz et al., 2015) and
the protective effect of microglia following adult CTX is
implicated by studies which impact microglia function.
Minocycline has been used to inhibit microglial inflamma-
tory response while leaving anti-inflammatory and protec-
tive functions intact (Kobayashi et al., 2013). As
minocycline has no impact on the microglia response after
adult mouse CTX (Bartel and Finger, 2013), this suggests
that the microglia responding to adult CTX are already in
an anti-inflammatory and protective state, preserving the
CT terminal field (Reddaway et al., 2012) and possibly
facilitating axonal regeneration and the recovery
observed (St. John et al., 1995).
CONCLUSIONS
The current study yields novel insight regarding microglia
morphology and density in the rat rNTS at four time points
in CNS maturation. Early in life, microglia in the rNTS
appear reactive, and are more numerous than in the
juvenile and adult rNTS. By P29, microglia are
predominantly ramified and density has decreased to
levels similar to adults (P54). Microglia’s role in synapse
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elimination (Paolicelli et al., 2011; Schafer et al., 2012)
and the corresponding time course of CT terminal pruning
(Sollars et al., 2006; Mangold and Hill, 2008) render
microglia a likely contributor to gustatory terminal field
development. CD68-negative microglia assume a reac-
tive morphology and increase in density in the CT terminal
field following CTX, independent of surgical age. The rel-
ative increase in microglia after CTX is greater in older
animals, at ages associated with better functional recov-
ery. These findings highlight microglia as a potential reg-
ulatory mechanism underlying developmental plasticity in
the gustatory system. This information adds to the grow-
ing literature on the presence of microglia throughout
the brain, the important role of microglia during neural
development, and the neuroimmunological response of
the brain following peripheral nerve injury.
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